Abstract--Nitrogen adsorption at 78~ and carbon dioxide sorption at 195~ on homoionic lithium, sodium, caesium, calcium, lanthanum and hexane diammonium saturated montmorillonites have been examined by means of V-n plots. In the case of carbon dioxide, sorption on the lithium saturated clay was used as a standard for comparison of the other samples.
INTRODUCTION
Gas sorption studies on the layer lattice aluminosilicate clay minerals have provided valuable information on the surface properties of these materials and on the mechanisms of sorption processes in microporous systems. The montmorillonite clays are of particular interest since polar water molecules are able, in certain circumstances, to penetrate between and separate the individual alumino-silicate sheets. The extent of this swelling process varies with the nature of the exchangeable cation ranging from near complete dispersion for the sodium saturated clay tO the restricted sorption of one or two layers of water molecules for clays saturated with polyvalent cations.
While the nature of the exchangeable cation has relatively little influence on the specific surface area obtained for fixed lattice clays such as illite and kaolinite, using standard gas sorption procedures (Aylmore, 1974a) , wide variations in the area measured are obtained for the same montmorillonite saturated with different Cations. Quirk (1967, 1971 ) attributed this variation in area of the dry clay accessible to gas sorption to changes in the orderlinesss of packing of the montmorillonite lameltae consequent to a large extent on the degree of dispersion of the lameUae in suspension. On the other hand, Thomas and Bohor (1968) believed that essentially the same matrix structure is formed on drying regardless of the cation present but that carbon dioxide and, to a lesser extent, nitrogen, penetrate the interlamellar space to an extent determined primarily by the size and charge of the interlayer cation. Subsequently, Aylmore et al. (1970) have shown that the nitrogen and carbon dioxide areas obtained for montmorillonite depend markedly on the outgassing procedure used and suggested that residual water molecules facilitating the entry of sorbent molecules could explain the greater penetration observed by Thomas and Bohor (1968) .
More recently, Fripiat et al. (1974) have presented X-ray powder diffraction and i.r. evidence supporting the interlamellar penetration of carbon dioxide in homoionic smectites although, once again, using a relatively mild outgassing procedure. Knudson and McAtee (1974) by classifying nitrogen sorption isotherms on homoionic montmorillonite into Type I or Type II plots of the Brunauer classification, concluded that no significant interlamellar sorption occurred in the case of the sodium, barium and caesium clays. Significant interlametlar sorption of nitrogen occurred only for a narrow size range of larger exchangeable cations such as the dimethylammonium and Co(en)~ + ions.
In a previous paper, the author (Aylmore, 1974a) used V-n plots to examine the sorption of nitrogen, argon and carbon dioxide on illite and kaolinite clays and sesquioxides. In these "reduced" isotherms the volume sorbed is plotted against the number of statistical layers which would be sorbed on a non-porous material at the same relative vapor pressure, thus allowing any variation from normal multilayer adsorption to be observed. A similar approach is used here to analyse sorption isotherms for nitrogen and carbon dioxide on homoionic montmorillonites.
EXPERIMENTAL
Sorption isotherms were determined on homoionic samples prepared from the following natural montmorillonite deposits:
Wyoming bentonite-montmorillonite from the John C. Lane Tract, Upton, Wyoming. Homoionic samples of the < 2 Itm fractions were prepared as previously described (Aylmore, 1974a) and compressed into 200 mg cores to facilitate experimental handling.
Gas sorption isotherms were determined by the usual doser technique after outgassing the samples overnight, usually at 250~ and 10-6ram mercury pressure. Previous studies (Aylmore, 1960) have shown that this procedure has no significant effect on the swelling behavior of the montmorillonites. The sample saturated with hexane diammonium ions was outgassed initially for 2 days at 50~ to prevent the destruction of the organic cation and then at increasing temperatures to 250~ causing the gradual destruction of the large organic cations.
Sorption isotherms were determined with the sample bulb immersed in a liquid nitrogen bath for nitrogen sorption and in a gently stirred solid carbon dioxide-ethanol slush for carbon dioxide sorption.
RESULTS AND DISCUSSION
Nitrogen SOrltion V-n plots for nitrogen adsorption on lithium, sodium, caesium, calcium and lanthanum saturated Wyoming bentonite and On sodium, calcium and caesium saturated Redhill montmorillonite are shown in Figures 1 and 2 , respectively. Values of n were calculated using a standard isotherm constructed from a combination of the data provided by Shull (1948) nitrogen adsorption on crystalline materials of large crystal size and similar measurements obtained in these laboratories. For systems such as these clay minerals, containing essentially slit-shaped pores, linear regions in V-n plots indicate that within these regions the shape of the isotherm is essentially the same as that obtained on the non-porous reference solids and that unrestricted physical adsorption is occurring on the fiat surfaces of the clay plates. A negative curvature occurs when the area available for sorption is reduced as a result of the filling of smaller pores by the merging of sorbate layers. Conversely, enhanced sorption as a result of capillary condensation will result in a positive curvature of the F-n plot.
In each case, the plots extrapolate readily through the origin and the specific surface areas calculated from the slope of the initial linear regions agree well with, although generally slightly higher than, those obtained by application of the BET theory (Table 1) . Following this initial linear region, there is a gradual reduction in slope commencing in each case at approximately n = 1.2. Thus at n = 1 all the surface area accessible to nitrogen should be covered with a Complete layer of nitrogen molecules. Assuming a value of some 4 A for the thickness of a single layer of adsorbed molecules, a negative deviation in slope at n---1.2 would, in a system containing essentially only slit-shaped pores, suggest that the smallest pores present were of some 10 A plate separation.
Comparative plots of the data in the linear forms of the Brunauer Type I (or Langmuir) and Type II (or BET) equations [e.g. Figure 4 (a) for Cs + Wyoming bentonite] support the consistent agreement of the sorption process for nitrogen on these homoionic montmorillonites with the multilayer theory, as observed by Knudson and McAtee (1974) , rather than with the monolayer equation. In each case, the BET plots provide good straight lines whilst the Langmuir plots show marked negative curvature, indicating that considerably more sorption is occurring than corresponds to monolayer formation. Such plots are not particularly sensitive to small variations but should be adequate to judge the predominant process. Knudson and McAtee (1974) reported that for montmorillonite saturated with large dimethylammonium or Co(en) ] + ions, comparative plots of the BET and Langmuir functions indicated that significant interlamellar sorption of nitrogen did occur. In Figure 3 , Vn plots for nitrogen sorption on Redhill montmorillonite saturated with hexane diammonium ions and outgassed at temperatures of 50~ 100~ and 250~ respectively, are given. The high surface area estimated for the clay outgassed at 50~ clearly arises largely from adsorption in micropores. Whether this occurs by volume filling within regions where the lamellae are already sufficiently separated to allow the sorption of one or more layers of nitrogen molecules or by nitrogen expanding the already partly expanded quasi-crystals, is not clear. Although the plot has been extrapolated to the origin to provide an estimate of specific surface area, the V-n plot does not allow a distinction between the mechanisms to be made. Because of the complex interleaving of lamellae evident in the montmorillonite matrix it is probable that in many regions there is no sharp transition between intra-crystalline and inter-crystalline surfaces. From the comparative plots in Figure 4 (b) it is clear that after outgassing at 50~ the sorption data do not conform satisfactorily to either the BET or Langmuir equation. The increase in sorption with increasing pressure is greater than that corresponding to Langmuir-type sorption, causing a significant downward curvature in the plot of the Langmuir function. On the other hand, the enhanced sorption is inadequate to correspond to predominantly multilayer sorption causing a slight upward curvature in the BET plot. In these circumstances, the actual accessible surface area could be considerably higher than that calculated by assuming the BET Vm, or that calculated from the slope of the V-n plot, to represent a complete layer on separate surfaces. An extreme case of such intra-crystalline sorption is illustrated by the BET analysis of water vapor sorption on montmorillonite given by Mooney et al. (1952) . As pointed out by Sing (1967) , good agreement between the values of V,, calculated by the two methods does not in itself confirm the validity of either.
With the gradual destruction of the large hexane diammonium ions by progressive heating to higher temperatures, there is clearly a collapse in the internal volume of the clay matrix resulting in a marked reduction in surface area accessible to nitrogen sorption with the formation of larger quasi-crystalline regions. After heating to 250~ the comparative plots ] suggest that subsequent nitrogen sorption is predominantly multilayer in line with that observed for the inorganic cations. 
Carbon dioxide sorption
The interpretation of carbon dioxide sorption isotherms at 195~ on clay mineral systems is beset by several problems which are of no real significance in nitrogen sorption. The assumption that carbon dioxide adsorbed at 195~ behaves like a supercooled liquid with the corresponding saturation vapor pressure (approx. 1.86atm), has been made by most workers dealing with coal and charcoal systems (Anderson et al., 1965; Walker and Kini, 1965) . However, in calculating surface areas from BET plots, molecular areas much larger than that calculated from the liquid density (approx. 17 It) frequently have had to be assumed to give values consistent with nitrogen areas. In addition, there is clearly a marked dependence of the packing density on the crystalline nature of the substrate with values for molecular area ranging from 16.3 h to 22h.
In dealing with clay mineral systems the problem is further complicated by the significant dependence of carbon dioxide sorption on the nature of the exchangeable cation. Aylmore (1974a) showed that for homoionic kaolinite and illite clays the sorption of carbon dioxide increased in the order La 3 + < Ca 2 + < Na + < Cs +.
The previous factors make it difficult to construct a suitable calibration curve for carbon dioxide sorption against which comparison by means of V-n plots can be made for other sorbents. However, in the present study, the same crystalline surface is involved and variations in sorption can be attributed either to the nature of the exchangeable cation or variations in porous structure. By the suitable choice of one isotherm as standard, several interesting comparisons can be made.
A number of workers have demonstrated that, on heating, the small size of the dehydrated lithium ion enables it to migrate into the crystal structure of clays with consequent neutralization of the charge originating from isomorphous replacement. Keenan et al. . V-n plots for carbon dioxide sorption on homoionic Redhill montmorillonite: sodium O ads., 9 des. ; caesium 9 ads., • des. ; calcium A ads. ; 9 des.
(1931), Jurinak (1961) and others have concluded that after dehydration of lithium saturated kaolinite, the adsorbed lithium ions are stearically hindered fromhydrating and have no apparent effect on subsequent water adsorption. Similarly, the water sorption and cation exchange capacity of lithium montmorillonite is markedly reduced by heating (Quirk and Theng, 1960) . Since the outgassing procedure employed here involves heating the clay to 250~ under vacuum it seems reasonable to adopt the sorption isotherm for carbon dioxide on the lithium saturated clay as a standard with which to compare the sorption on the other homoionic samples.
While it may not follow that carbon dioxide sorption on this clay is completely uninfluenced by the presence of the Li + ions, the experience with water sorption suggests that it is likely to be the least affected. The V-n plots obtained in this manner for carbon dioxide sorption on sodium, caesium, calcium and lanthanum saturated Wyoming bentonite are shown in Figure 5 together with the calibration plot calculated for lithium Wyoming bentonite. Plots for carbon dioxide sorption on sodium, calcium and hexane diammonium saturated Redhill montmorillonite are shown in Figure 6 ; Both adsorption and desorption points have been plotted, since it is significant that for the lithium, sodium, calcium and lanthanum cations the complete adsorption-desorption isotherms to condensation at P/Po ~-0.53 proved effectively reversible. In each of these cases, good straight line plots are obtained. While the calibration plot for lithium saturated Wyoming bentonite naturally passes through the origin, those for the sodium, calcium and lanthanum cations exhibit positive intercepts on the volume axis. Although it could be argued that these intercepts result from varying degree of intercalation of carbon dioxide into the montmorillonite quasi-crystals, the reversibility of the isotherms suggest that the most logical explanation lies in enhanced sorption resulting from interaction of the carbon dioxide with the surface cations, as observed by Aylmore (1974a) for carbon dioxide sorption on homoionic illite and kaolinite clays. The order of enhancement indicated by the intercepts on the volume axis is the same, i.e. La 3+ < Ca 2+ <Na + as observed on the kaolinite and illite clays. Variations in microporosity with different packing of the lamellae in the presence of different cations also may have a small effect on the magnitude of these intercepts. The differences in energy of interaction of the initial sorption are reflected in the C values obtained.
Previous arguments with respect to the effects of inadequate outgassing are highlighted by the two plots shown for sodium Wyoming bentonite in Figure  5 , both obtained on the same sample. This sample was initially inadvertently otJtgassed at 100~ instead of the customary 250~ The first isotherm obtained, shown by the crosses, initially follows a slope corresponding to a specific surface area of some 44 m2/g. Over the range n ~ 0.35~).45, a sudden increase in the volume adsorbed occurs, followed by a straight line plot corresponding to an enhanced specific surface area of 50 m2/g. On desorpti0n, the adsorption isotherm is retraced to the point of this step after which there is a substantial hysteresis corresponding to the volume of carbon dioxide intercalated. On subsequent outgassing at 250~ a completely reversible isotherm corresponding to a slope of 44 m2/g was obtained. Almost certainly, the step in the first sorption isotherm can be attributed to the sudden entry of carbon dioxide into interlamellar regions propped apart by residual water molecules.
Significantly, the adsorption isotherm for carbon dioxide on Cs + saturated Wyoming bentonite is characterized by a number of similar steps followed by a marked hysteresis in the desorption process. The author has previously discussed (Aylmore et al., 1970) the fact that for the caesium cation the d (001) spacing in the dry clay is approximately l l.SA, leaving roughly 2.3 A between the lamellae. In this case, much of the work of expansion already has been accomplished and some intercalation of carbon dioxide clearly occurs. For the Redhill montm0rillonite saturated with hexane diammonium ions ( Figure 6 ) the d (001) spacing in'the dry state was 13.8 A. The enhanced carbon dioxide sorption exhibited by this clay exhibits much less hysteresis, presumably as a result of the greater accessibility of the interlayer area.
Microporosity in montmorillonite
Much of the controversy surrounding the question of the possible penetration of gases into quasi-crystalline regions of the montmorillonite structure, arises from the somewhat unrealistic tendency to regard the structure as being composed of neat stacks or booklets. This concept leads to the assumption that the surfaces of the lamellae are either internal, i.e. perfectly aligned with their neighbors, or external and thus able to accommodate unrestricted multilayer adsorption. In reality, variations in the lateral dimensions of individual lamellae, their juxtaposition with respect to their neighbors and interleaving of lamellae on drying from suspension, will undoubtedly lead to a much more complex structure. This complexity has been emphasized by the author in a number of previous publications Quirk, 1967, 1971; Aylmore et al., 1970b; Aylmore, 1974) .
Almost certainly there will be many regions in which the interleaving of individual lamellae, the buckling of lamellae, frequently observed in electron micrographs, and discontinuities of one lamellae with respect to its neighbors, even when in perfect parallel alignment, will lead to the formation of slit-shaped pores of corresponding dimensions. Such pores of the order of 10 A plate separation would provide a satisfactory explanation of the behavior observed in the nitrogen Vn plots, i.e. by accommodating little more than a single layer of sorbate molecules on opposite surfaces before filling of the pores occurs. Pores of these dimensions have been designated 'super-micropores' (Dubinin, 1974) to distinguish their sorptive behavior as intermediate between ultra-micropores in which surface interactions dominate and mesopores in which capillary condensation occurs.
When thoroughly outgassed, the nitrogen surface area for a given sample is accurately reproducible and shows no significant increase on prolonged exposure to the sorbate. The surface areas accessible to nitrogen sorptiOn represent a small proportion of the total lamellar area and, as has been shown by various workers (Greene-Kelly, 1954; Knudson and McAtee, 1974) , this area for sodium montmorillonite can be reduced to less than 5 m2/g by careful manipulation of the packing during the drying process. In these circumstances, the most logical interpretation of the V-n plots is that nitrogen sorption occurs essentially only on surfaces external to the quasi-crystalline regions of parallel alignment and in pores able to accommodate generally one complete layer on opposing surfaces. The extent of nitrogen penetration into wedge-shaped pores, e.g. where two lamellae diverge, will depend on the nature of the packing and in particular on the influence of the exchangeable cation. However, this clearly does not progress to allow significant further expansion of the matrix for the inorganic cations studied.
Nitrogen sorption isotherms on clay minerals generally exhibit considerable hysteresis at relative vapor pressures above about 0.4 which can be related to irreversibility in the processes of capillary condensation and evaporation dependent on the porous structure of the matrix (Aylmore and Quirk, 1967; Alymore, 1974b) . In most cases, when thoroughly outgassed, the hysteresis loops close on desorption at P/Po ~-0.4, as would be expected in the absence of interlamellar sorption. The exceptions to this occur when the expanding clays such as montmorillonite have been incompletely outgassed (Brooks, 1955) or in the presence of some large exchangeable cations (Barter and McLeod, 1955) .
In contrast, carbon dioxide sorption isotherms at 195~ on clay minerals are, in most cases, essentially reversible up to the maximum pressure which can be obtained before condensation of the solid carbon dioxide occurs. For these samples, there is no evidence of capillary condensation of carbon dioxide in the pores. Once again, the hysteresis which occurs does so either as a result of incomplete outgassing of the clay or the presence of certain of the largest exchangeable cations, In these cases, the hysteresis increases with desorption and persists to low relative vapour pressures, almost certainly indicating that it results from intracrystalline sorption.
Because of the differences in size, polarity, etc. of the molecules of different gases, the distinction between internal and external surfaces of a montmorillonite matrix becomes largely a matter of definition in terms of their accessibility to a given gas. In view of the previous consideration, it seems reasonable to conclude that the variations in nitrogen surface area with exchangeable cation result essentially from real differences in matrix structure consequent on the degree of dispersion in suspension. While the initial sorption of carbon dioxide clearly is influenced by the solvation properties of the cations, the subsequent reversibility of the isotherms and linearity of the V-n plots indicates that for all but the largest cations the same sorption process is occurring on surfaces external to the quasi-crystalline regions.
